Abstract-The threshold current and the characteristic temperature of 1.3-m InGaAsP-InP buried heterostructure (BH) lasers with the p-n-p-n blocking layers have been numerically analyzed using a two-dimensional (2-D) device simulator. The simulation model includes optical gain, intervalence absorption, radiative spontaneous-emission current, Auger recombination current, Shockley-Read-Hall recombination current, and heterobarrier leakage current. In addition to these components, the leakage current flowing through the p-n-p-n blocking layer which was ignored so far is also included. The analysis of the current components reveals that the increase in the threshold current with temperature is due to Auger recombination and the leakage current through the p-n-p-n blocking layer. The calculated T0 value containing all the components is 54 K at room temperature and 29 K above 80 C; which is consistent with observed T0 values. When the leakage current through the p-n-p-n blocking layer is ignored in the calculation, the T0 value is improved to 90 K and a decrease in the T0 value is not observed. This result is consistent with conventional calculations. When Auger recombination is ignored, the T0 value increases to 110 K at room temperature. However, the threshold current increases beyond the exponential relationship I th = I 0 exp(T =T 0 ) and the T 0 value decreases to 34 K at high temperature. This is due to a large increase rate of the leakage current through the p-n-p-n blocking layer. The reduction of Auger recombination is effective in decreasing the threshold current while the reduction of the leakage current through the p-n-p-n blocking layer is effective in improving T 0 values at high temperature, since T 0 values correspond to the increase rate of the threshold current.
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I. INTRODUCTION
L ASER diodes with low threshold current and reduced temperature sensitivity are indispensable to practical optical communication systems, such as fiber-to-the-home (FTTH) and CATV applications. The temperature sensitivity of the threshold current is described by the relationship where is a constant and is the characteristic temperature. For AlGaAs-GaAs lasers, the observed values are 100-200 K. For InGaAsP-InP lasers (1.3-1.55 m), they lie in the range of 60-80 K near room temperature and decrease to 30-40 K above 60 C [1] . Several mechanisms had been proposed to explain the high temperature sensitivity of InGaAsP lasers. Intervalence band absorption [1] , [2] and Auger recombination [1] , [3] , [4] are believed to be the primary cause. Carrier overflow from the active layer to the p-cladding layer (called heterobarrier leakage) can be another important mechanism for InGaAsP lasers with emission wavelength less than 1.2 m [1], [5] .
Intervalence band absorption and Auger recombination can be reduced by incorporating multiple-quantum-well (MQW) or strained MQW structures into the active region [6] with a proposed improvement of the value. Though numerous practical device results demonstrated the reduction of the threshold current by introducing the MQW or strained MQW structures, no obvious improvement of the temperature sensitivity was obtained. To investigate this behavior, physical models and parameters were reexamined and the temperature dependence of the optical gain [7] - [9] or the electrostatic band deformation in the SCH region [10] , for example, were given as an explanation. However, there are no obvious explanations which are widely agreed on. This paper offers a new explanation for the value of BH lasers with p-n-p-n blocking layers embedded on both sides of the active region. Our calculation using a two-dimensional (2-D) device simulator shows that the leakage current through the p-n-p-n blocking layer is one of the dominant causes of poor values. Motivation for our investigation arises from the desire to elucidate the influence of lateral-leakage-currents of BH lasers, since BH lasers are widely used for FTTH and CATV applications. In the previous studies, lateral-leakage currents, such as the leakage current through the p-n-p-n blocking layer, were ignored, because broad-area lasers were generally used to eliminate a structural dependence of values and because only reverse-bias saturation current was assumed to flow in BH lasers. However, measurements for broad-area lasers are often limited because of their large power consumption at high temperature, and there is no evidence that lateral-leakage currents in BH lasers can be neglected. Our investigation is related to results from Ohtoshi et al. [11] who showed that the p-n-p-n blocking layer was forward biased before lasing. The drift-diffusion current through the p-n-p-n blocking layer is revealed to be important even at the threshold current, not only at high bias condition [12] - [14] . The following sections will detail the simulation model and present the calculation results. By including the leakage current through the p-n-p-n blocking layer, the calculated value at room temperature becomes consistent with experiment and the decrease of the values above 60 C can be simulated. 
II. 2-D SIMULATION MODEL
The calculations were carried out using a commercially available simulator LASTIP [15] . It simulates the laser characteristics by solving Poisson's equation, the current continuity equations for electrons and holes, wave equation and rate equation numerically by the finite element method. It also solves the heat flow equation to involve the heating effect.
The laser structure used in the simulation is shown in Fig. 1 Fig. 1(a) is also used to calculate the value without the leakage current through the p-n-p-n blocking layer.
The threshold gain is given by the relation (1) where is the optical confinement factor, and and are the facet reflectivities.
is the internal loss in the active region determined by intervalence band absorption [IVBA] and free carrier absorption.
is assumed to 14 cm where 10 cm is the hole concentration and is assumed to be independent on temperature [16] . Though IVBA based on indirect measurements had been suggested as a possible cause for the temperature sensitivity of the threshold current [2] , direct measurements showed smaller values and a weak dependence on temperature. Therefore, IVBA is considered less important in determining the temperature sensitivity [1] , [7] .
is the internal loss in the cladding layer and 10 cm is assumed. Fig. 2 shows the calculated peak gain as a function of carrier density at various temperatures. The threshold carrier density is determined by the intersection of and [9] . Once the threshold carrier density is determined, the threshold current is given by [1] (2) where is the radiative spontaneous-emission current, is the Auger recombination current, is the Shockley-Read-Hall recombination current, is the heterobarrier leakage current, and is the leakage current through the p-n-p-n blocking layer. and are calculated from (3) and (4) The parameters in the above equations are Auger recombination coefficients 3.5 10 m s and SRH lifetimes 1 ns for InP and 10 ns for InGaAsP.
Though Auger recombination coefficients generally have a temperature dependence, the dependence seems to be weak in the temperature range around 300 K [7] , [17] . Therefore, we assumed here the temperature independence of Auger recombination coefficients to simplify the analysis. Even with this assumption, Auger recombination strongly depends on temperature through the dependence on the threshold carrier density [see (3) ]. The contribution of Auger recombination will be shown later.
The other parameters used in the calculation are 1700 cm Vs 80 cm Vs (electron and hole mobilities), 0.4:0.6 (band offset), 0.3 (facet reflectivities), and thermal conductivity 46 W/(mK).
To check that our simulation result is consistent with other authors' results, values are calculated with the 1-D model. The value is 170 K if radiative spontaneous emission only is considered (i.e., all the current components except in (2) are neglected), and the value is 90 K if the leakage current through the p-n-p-n blocking layer [ in (2) ] is neglected. These results are consistent with other authors' calculation results [1] , [9] , [17] . Though some authors reported recently that the conventional theoretical gain model did not give an agreement with measured results [7] - [9] , the conventional gain model is used here. This will be discussed in Section III-C.
III. RESULTS AND DISCUSSIONS

A. The Leakage Current through the p-n-p-n Blocking Layer
The central p-n junction of the p-n-p-n blocking layer in BH lasers had been assumed to be reverse-biased like an off-state thyristor and only small saturation current had been thought to flow there. However, Ohtoshi et al. [11] showed this was not the case and the p-n-p-n blocking layer was forward biased before lasing. This is because the active layer is forward biased with a voltage determined by the threshold carrier density and because the voltage of the p-cladding layer and the adjacent p-blocking layer should be nearly equal. This condition is the same as triggering the central p-n junction of an off-state thyristor and, thus, the drift-diffusion current flows through the p-n-p-n blocking layer. Despite this indication, there was no theoretical analysis which included the leakage current through the p-n-p-n blocking layer. The reason is partly because of the assumption that the drift-diffusion current is still small at the threshold current and partly because of the nonconvergence problem of the simulation with the blocking layer especially at high temperature. Fig. 3(a) shows the total current (electron currents hole currents) distribution we calculated. From the symmetry point of view with respect to the central axis, right half of the 2-D structure in Fig. 1 is used for calculations and is shown. The amount and the direction of the total current is represented by triangles. As is expected, the total current flows mainly through the active layer. Fig. 3(b) shows the electron currents extracted and magnified from Fig. 3(a) . Note that the electron currents that flow in the active layer and n-cladding layer are not shown since the amount of the electron currents in these layers is too large to be shown simultaneously. The electron currents shown in Fig. 3(b) are leakage currents that do not contribute to lasing and are classified into three pathways. One is the current flowing through the p-n-p-n blocking layer (i), the others are the current overflowing from the n-cladding layer near the active layer into the p-blocking layer (ii), and the current overflowing from the active layer into the p-cladding layer [heterobarrier leakage current] (iii). The arrows (i), (ii), and (iii) illustrate the directions of electron flows, which are opposite to those of electron-current flows. The passages of electrons can be understood more clearly by a potential barrier profile. Fig. 4 shows a conduction band edge profile, which forms a potential barrier for electrons. As mentioned above, the potential of the p-blocking layer is almost the same as, but a little higher than, that of the p-cladding layer adjacent to the active layer. Therefore, electrons can overflow from the n-cladding layer to the p-blocking layer as illustrated by arrows (i) and (ii). A large number of the leakage electrons (i), (ii), and (iii) flows into the n-blocking layer and flows out to the p-cladding layer. The amount of the electron overflow from the n-blocking layer to the p-cladding layer increases near the right side of the n-blocking layer. This is caused by the decrease of the barrier height between the n-blocking layer and the p-cladding layer there.
We did the same analysis for hole currents and found there were few holes that flew through the p-n-p-n blocking layer because of their large effective mass and low mobility. We also examined the hole current that flew between the active layer and the n-blocking layer (called the leakage pass) [18] and found that the amount is small (less than 1/10 of electron currents). This is because the hole current coming into the leakage pass goes out into the active layer at the side of the active layer, since the potential of the active layer is high.
In this study, the leakage current through the p-n-p-n blocking layer means the summation of (i) and (ii) in Fig. 3(b) . The contribution of this current to the threshold current will be shown in Fig. 6 . Fig. 5 shows a calculation result of the threshold current and values. The calculation is carried out for five cases for comparison.
B. The Threshold Current and the Value
Curve (a) is the result in which all the current components in (2) are included. The value is 54 K at room temperature and 29 K at high temperature, which are consistent with observed values. Curve (b) is the result without the heating effect in curve (a). The value at room temperature is the same as curve (a) and the heating effect influences above 80 C. Since the values are measured at a low current, the self heating effect is negligible at low temperature. Curve (c) is the result without Auger recombination in curve (a) (i.e., Auger recombination current in (2) is neglected). The value is high (110 K) at room temperature, however, it decreases to 34 K at high temperature, which is almost the same as curve (a). To clarify this result, we compared the components of the threshold current in curve (b) at 27 C to those at 85 C. Fig. 6 depicts the components of the threshold current at 27 C and at 85 C. It is found that the increase in the threshold current is due to Auger recombination and the leakage current through the p-n-p-n blocking layer. Auger recombination current is dominant and the leakage current through the p-n-p-n blocking layer is small at room temperature, while the latter increases quickly beyond the exponential relationship . For this reason, the value is large at room temperature and small at high temperature in curve (c). This can also be the reason for observed poor values of strained MQW though the threshold current is remarkably reduced.
Curve (d) is the result for the 1-D model without the heating effect, which is equivalent to the case without the leakage current through the p-n-p-n blocking layer in curve (b) (i.e.,
in (2) is neglected). The value is 90 K at both room and high temperature, which is consistent with conventional theoretical results without the p-n-p-n blocking layer. Note that the threshold current of curve (d) at room temperature is fairly different from curve (a) because the optical confinement factor is different (the lateral confinement factor in curve (d) is 1.0). Curve (e) is based on the 1-D model without the heating effect and Auger recombination, which is equivalent to the case without Auger recombination and the leakage current through the p-n-p-n blocking layer in curve (b). The value is at the same level as for AlGaAs lasers.
From the comparison with curves (b) and (d), we find that the observed value is well simulated by including the leakage current through the p-n-p-n blocking layer in the conventional 1-D model. The value decreases from 90 to 54 K due to the leakage current through the p-n-p-n blocking layer and the discrepancy from the exponential relationship arises from this leakage current.
From Fig. 5 , we see that the reduction of Auger recombination is effective in decreasing the threshold current and that the reduction of the leakage current through the p-n-pn blocking layer is required to improve values at high temperature, since values correspond to the increased rate of the threshold current.
C. Dependence on Calculation Parameters
In the above simulation, the dependence on geometric parameters, such as a mesa width dependence, is not considered. However, as expected in Fig. 3(b) and Fig. 6 , the leakage current through the p-n-p-n blocking layer increases with the mesa width, especially at high temperature. Fig. 7 shows calculated and measured threshold currents as a function of the mesa width. The threshold current at 85 C increases with the mesa width, while the threshold current at room temperature shows a small dependence on the mesa width. The ratio of the threshold current at 85 C with the mesa width 15 m to the mesa width 6 m i.e., 15 m 6 m is approximately 1.1 for both the calculation and the measurement. Another important geometric parameter is the relative vertical position of the active layer versus the n-blocking layer (the connection length in [11] ). With shifting the position of the n-blocking layer upward in Fig. 1 , the leakage current through the p-n-p-n blocking layer increases due to the the potential increase of the p-cladding layer and, as a result, the threshold current increases. With shifting the position of the n-blocking layer downward (for example, the thickness of the p-cladding layer is set to be more than 2 m), the hole current that flows between the active layer and the n-blocking layer increases and, as a result, the threshold current increases. Our calculation is carried out at the point where the relative vertical position dependence of the threshold current is small.
The active region width also affects the threshold current through the dependence of the threshold carrier density on the optical confinement factor. The threshold current gradually increases with increasing the active region width since it is the product of the active region and threshold current density. On the other hand, Auger recombination current and the leakage current through the p-n-p-n blocking layer gradually decrease with increasing the active region width due to the decrease in the threshold carrier density. Therefore, the threshold current increases with increasing the active region width, while the value is improved with it (the improvement saturates since the increase of the optical confinement factor saturates). However, the range of the active region width is limited in a small range 2 m to maintain the transverse mode stability and our result covers this range.
As mentioned in Section II, a conventional gain model is assumed and Auger recombination current depends on gain models through its dependence on the threshold carrier density. The leakage current through the p-n-p-n blocking layer also depends on gain models through the dependence of the threshold carrier density, since the potential of the pblocking layer is determined by the potential of the p-cladding layer adjacent to the active layer. Therefore, though the ratio of Auger recombination current versus the leakage current through the p-n-p-n blocking layer may change, we suppose the contribution of these currents does not depend on gain models fundamentally.
Some authors report recently that the conventional gain model does not give an agreement with measured result [7] - [9] . If we introduce a new gain model, the value at high temperature in our simulation should become worse and the calculation will disagree with the experiment. One possible explanation is that the shunt current influences the differential carrier lifetime measurement. The shunt current increases the measured differential carrier lifetime since the shunt current decreases the injected carriers in the active region. Consequently, the carrier density, which is calculated by integrating the measured differential carrier lifetime, increases superficially. On the other hand, the shunt current decreases measured gain. Hence, to a certain bias current, the superficial carrier density increases while the superficial gain decreases, which makes the measured differential gain small. Since the current-blocking structure of the lasers are different from our model, our result cannot be applied directly. However, the shunt current may not be neglected since it cannot be neglected even for the BH laser with p-n-p-n blocking layer, for which the the shunt current was thought to be minimal so far.
IV. CONCLUSION
The threshold current and the characteristic temperature of 1.3-m InGaAsP-InP lasers with the p-n-p-n blocking layer are analyzed using a 2-D device simulator. The simulation model includes optical gain, intervalence absorption, radiative spontaneous-emission current, Auger recombination current, Shockley-Read-Hall recombination current, the heterobarrier leakage current, and the leakage current through the p-n-p-n blocking layer. It is found that the increase in the threshold current with temperature is mainly due to Auger recombination and the leakage current through the p-n-p-n blocking layer.
The calculated value containing all the current components in (2) is 54 K at room temperature and 29 K at high temperature, which is consistent with observed values. When the leakage current through the p-n-p-n blocking layer [ in (2) ] is ignored, the value is improved to 90 K and the decrease in the value is not observed. This result is consistent with conventional calculations. When Auger recombination current in (2) is ignored, the value increases to 110 K at room temperature. However, the threshold current increases beyond the exponential relationship and the value decreases to 34 K at high temperature. This is due to the large increase rate of the leakage current through the p-n-p-n blocking layer. The reduction of Auger recombination is effective in decreasing the threshold current while the reduction of the leakage current through the p-n-p-n blocking layer is effective in improving values at high temperature, since values correspond to the increase rate of the threshold current.
